Abstract-The active power filter (APF) that consists of a half-bridge leg and an ac capacitor is integrated in the single-phase quasi-Z-source inverter (qZSI) in this paper to avoid the second harmonic power flowing into the dc side. The capacitor of APF buffers the second harmonic power of the load, and the ac capacitor allows highly pulsating ac voltage, so that the capacitances of both dc and ac sides can be small. A model predictive direct power control (DPC) is further proposed to achieve the purpose of this new topology through predicting the capacitor voltage of APF at each sampling period and ensuring the APF power to track the second harmonic power of single-phase qZSI. Simulation and experimental results verify the model predictive DPC for the APF-integrated single-phase qZSI.
third modules than the conventional CMI in the PV power system [6] [7] [8] [9] [10] [11] . Therefore, the qZS-CMI has the enormous potential in megawatt-scale PV systems.
However, similar to the traditional single-phase H-bridge inverter, the existing single-phase qZSI has the second harmonic (2ω) pulsating power in the dc side. The 2ω power of dc side causes the 2ω voltage ripple of dc link, which degrades the system performance. There are three existing ways to lower this negative effects as follows: 1) the 2ω power is passively buffered in qZS capacitors and inductors [2] , [8] , [10] , and [11] , as a result that large qZS capacitance and inductance are mandatory and the inverter is with bulky volume, low power density, and low efficiency; 2) the dc-link 2ω voltage ripple is reduced by adjusting the shoot-through duty cycle of qZSI, but the large qZS capacitance is still necessary [4] ; 3) a hybrid modulation combining pulse width modulation (PWM) and pulse-amplitude modulation was proposed in [5] to reduce the power loss with low qZS capacitance and inductance, but the 2ω power still flows into the dc side of qZSI and large PV panel terminal capacitance was necessary.
For the conventional single-phase inverter, active power decoupling technique, called as active power filter (APF), was investigated to handle the 2ω pulsating power in [12] [13] [14] [15] [16] [17] . This method demonstrated excellent ability to eliminate the 2ω power from the dc side of inverter with small capacitances in the dc link and the APF. Proportional-integral [13] , proportional-resonant [14] , [15] , and repetitive control [16] were devoted to those APF devices for ensuring quality performance.
This paper presents an APF-integrated single-phase qZSI. The 2ω power is buffered by the APF rather than flowing into the dc side. Therefore, the qZS capacitance and inductance are much small when achieving constant capacitor voltage and inductor current, whereas the shoot-through behavior of the qZSI brings in additional property to the APF with respect to that in the conventional single-phase inverter, so that a special control design is necessary.
The direct power control (DPC) [18] [19] [20] [21] [22] [23] [24] [25] [26] is one of the prospective methods to track instantaneous power. Currently, the implementation methods of DPC have hysteresis control, dead beat control, and model predictive control (MPC) [18] [19] [20] [21] . The MPC is a digital method without modulator and presents fast response and simple realization. However, the conventional MPC results in a variable switching frequency. When combining with predefined voltage vectors, the MPC can achieve the constant switching frequency without loss of high performance [22] [23] [24] [25] [26] . This kind of model predictive DPC was applied in a three-phase converter by using two-phase static and rotary coordinates [22] .
This paper proposes a model predictive DPC for APFintegrated single-phase qZSI to ensure the instantaneous power of APF branch track the 2ω power of load. As a result, there is no 2ω ripple power in the dc side of inverter. At every sampling period, the desired APF voltage to fulfill zero tracking error between the APF power and the load 2ω power is predicted by the predictive model.
The paper is organized as follows: Section II proposes the APF-integrated single-phase qZSI; Section III details the proposed model predictive DPC; Section IV presents the prototype design and comparative evaluation; Section V illustrates simulation and experimental verifications; Section VI concludes this work. Note that the bolded variables denote vectors in all the following sections.
II. APF INTEGRATED SINGLE-PHASE QZSI
A. Existing Single-Phase qZSI Fig. 1 shows the topology of existing single-phase qZSI [10] . The qZS network consists of two inductors L 1 and L 2 , two capacitors C 1 and C 2 , and one diode D 1 . There are the shootthrough and non-shoot-through states in continuous conduction mode of the qZSI. The average qZS capacitor voltages V C 1 and V C 2 , average qZS inductor currents I L 1 and I L 2 , as well as the dc-link peak voltage V P N are, respectively
where D denotes the shoot-through duty cycle, V D C denotes the dc-source voltage, and P denotes the inverter input power. For a well-controlled qZSI shown in Fig. 1 , the output voltage u s includes high frequency harmonic components and fundamental component as
the output current also contains high frequency components and fundamental component as
where V m and I m are the amplitudes of fundamental voltage and current, respectively, ω is the fundamental angular frequency, and ϕ denotes the power factor angle. From (2) and (3), the single-phase qZSI's output power is
which includes the active power P D and ac component P r
P r in (5) is the 2ω pulsating power of single-phase qZSI, which flows into the dc side and causes the 2ω components of voltages and currents in the dc side.
B. APF-Integrated Single-Phase qZSI 1) Topology: The APF-integrated single-phase qZSI is shown in Fig. 2 , where the APF consists of the half-bridge leg 3, capacitor C 3 , and inductor L 3 . The capacitor C 3 buffers the 2ω power of load, and the inductor L 3 limits the high-frequency current ripple in the LC branch. Therefore, there is no 2ω power flowing into the dc side, and there are no longer 2ω components of voltages and currents in the dc side.
For a well-controlled phase leg 3 shown in Fig. 2 , the fundamental components of capacitor C 3 voltage and current have the expressions of
where V C denotes the amplitude of capacitor C 3 voltage, and θ denotes the phase angle difference between u C ,1 and u s ,1 .
The APF power will be
When the APF perfectly buffers the 2ω power of load, there is P LC (t) + P r = 0. From (5) and (7), we get 
The fundamental voltage amplitude of capacitor C 3 meets 2) Principle to Operate APF: The terminal voltage between phase legs 3 and 2 is termed as u 32 , as shown in Fig. 2 . There is
When considering the fundamental components only, there is
We define the voltage from phase leg 3 to the ground is
where M C denotes the modulation index of phase leg 3, γ denotes the phase angle between u 30 and u s,1 , and v m 3 denotes the modulation signal of phase leg 3.
In the same way, we define that the output voltages of phase legs 1 and 2 to the ground are, respectively
The modulation signals v m 1 and v m 2 are
where M = V m /V P N denotes the modulation index.
From (12)- (15), we get
From (13) and (16), there is
When we define
From (17), we have
Fig . 3 shows the phasor diagram of (19) . For the given shootthrough duty cycle D, the modulation indexes meet
For the maximum values of M and M C , we can get the maximum value of M 32 from Fig. 3 , which responds to the maximum voltage of capacitor C 3 . For the same power of capacitor C 3 , the capacitance will be minimum. From (10) and (18), the minimum capacitance of APF is
From Fig. 3 , there are (17) and (18) to control the phase leg 3 for buffering the 2ω power.
The load power is controlled by v m 1 of the phase legs 1 and 2, and the constant dc-link peak voltage is achieved through regulating the shoot-through duty cycle D [9] . Both are the same to that of the existing single-phase qZSI in Fig. 1 [6] , [9] , [10] .
A. APF Model in d-q Frame
From (6), the fundamental voltage and current of capacitor C 3 can be rewritten as, respectively (23) is defined as the α-axis components, the virtual β-axis components are obtained by T 0 /4 delaying from (23) , where T 0 denotes the ac fundamental period. The α-β components of capacitor C 3 voltage and current are
Due to
The d-axis and q-axis components can be obtained when (24) is transformed by
with
(27) From (11), (23), and (26), there are
where u 32d and u 32q are the d-q axis components of LC branch fundamental voltage. According to the power theory in the d-q reference frame, from (23), (24) , and (26), we can get the power components in d-q frame
(30) From (7), the power of APF LC branch is
From (30) and (31), the power components of LC branch in d-q frame are
From (23) and (30), the power of capacitor C 3 is
From (31) and (33), there is
Similarly, referring to (5) when we define -P r as the α-axis component, the virtual β-axis component of load 2ω power can be obtained by delaying T 0 /8 from -P r . Here, P D − u s ,1 i s ,1 is utilized to extract -P r ; the amplitudes V m and I m , and the phase angle ϕ are obtained by discrete Fourier transform (DFT), as shown in Fig. 4 . The d-q axis components of 2ω load power are therefore
From (5) and (35), there is
From (34) and (36), when the system is well controlled, there should be
B. Model Predictive DPC
Referring to (37), the control scheme of model predictive DPC is: at the kth instant time, if there is power difference
at the (k + 1)th instant time, there should be
To achieve (39), the power of APF should have a change
which is fulfilled by the voltage u 32 of APF as follows. When applying the forward Euler discretization to (29), at the kth instant time, the current increment of capacitor C 3 is
where 
The voltage of capacitor C 3 presents a slow changing rate than its current when the d-q axis components of voltage u 32 of LC branch change, because the capacitor C 3 has a large capacitance and its voltage is the result of integral action of current. In one sampling period, such as 100 μs (10 kHz), the voltage of capacitor C 3 will not change much in the d-q coordinate even though there is a large capacitor current change. We can assume constant d-q axis voltages of capacitor C 3 in one sampling period to simplify the equation. Therefore, for a current increment Δi C (k), from (32) the power increment of APF will be
(43) By (42) and (43), the desired u 32 at the kth instant time is
where As Fig. 4 shows, the d-q axis components -P rd and -P rq of load power, the capacitor-C 3 voltages u C d and u C q , as well as the capacitor-C 3 currents i C d and i C q at the kth instant time are used to execute the model predictive DPC. P LC (k) is calculated by (32). −P r (k) is compared with P LC (k) to estimate the power difference δP (k). Per (40), δP (k) is inputted in the voltage predictive model (44) to obtain u 32 (k), which ensures (39) at the (k + 1)th instant time.
IV. PROTOTYPE DESIGN AND EVALUATION
A 2.3-kW APF-integrated single-phase qZSI prototype is built to verify the proposed topology and model predictive DPC.
A. Prototype Design
In the LC branch of APF, the inductor L 3 is in series with the capacitor C 3 , which leads to the resonant frequency Then, the inductance is
Substituting (45) into (21), the minimum capacitance will be
It can be seen that if the inductance L 3 increases, there will be a higher capacitor voltage in (10) with a lower minimum capacitance C 3 in (46), but from (30) the capacitor power will also increase. Therefore, the inductance L 3 should be as small as possible to lower capacitor voltage and capacitor power. In addition, the resonant frequency f n can be more than fivefold fundamental frequency. Therefore, once the capacitance is determined by (46), the inductance is obtained from (45).
For the 2.3-kW prototype, the fundamental frequency is 50 Hz, we choose f n = 310 Hz. At V m = 153 V, I m = 30.07 A, the 85-V dc input voltage, the 255-V dc-link peak voltage, and the maximum M 32 of 1.049, V C = 137 V, the required APF capacitance is C 3 = 797 μF from (46); and APF inductance is L 3 = 331 μH from (45). Because the APF buffers the load 2ω power and there is no 2ω power flowing into qZS capacitors and inductors, the switchingfrequency ripple is the only concern in designing qZS inductance and capacitance for the APF-integrated single-phase qZSI. If we limit the high-frequency inductor current ripple within 20% and dc-link voltage ripple within 1% at the 10-kHz switching frequency, for the 2.3-kW prototype the qZS capacitance and inductance can be 410 μF and 430 μH, respectively [5] .
Finally, the C 1 = C 2 = 470 μF and L 1 = L 2 = 500 μH for the qZS network, and the C 3 = 800 μF and L 3 = 335 μH for the APF's LC branch are used in the experimental prototype. An intelligent power module PM50CLA120 is employed, where the load of 2-mH inductor and adjustable resistor in series is connected between the phases 1 and 2, and the 800-μF capacitor PSU80015 and 335-μH inductor of APF are in series between phases 2 and 3.
B. Comparative Evaluation
The 2ω pulsating power brings in a big challenge to the qZS impedance of existing single-phase qZSI. At the rating of 2.3-kW power and 255-V dc-link voltage, the C 1 = C 2 = 3.6 mF for the qZS capacitance and L 1 = L 2 = 5.5 mH for the qZS inductance are demanded to restrict the dc-link 2ω voltage to 5% and inductor 2ω current to 2%, according to the design method in [10] . For the existing single-phase qZSI and the proposed APFintegrated single-phase qZSI, the main differences include power switches, inductors, and capacitors. Table I and Fig. 5 compare these items when both topologies are used to achieve the same power and voltage ratings.
It is noticeable that the qZS inductance and capacitance of new topology reduce 92.2% and 88.6%, respectively, compared to the existing topology.
Even though one more phase leg with an LC branch is added to the APF-integrated single-phase qZSI, only the additional 0.94 cL volume and 50 USD cost of power switches are required, because the power module of three phase legs is very popular. The additional inductor L 3 and capacitor C 3 have much lower volumes and costs compared to the qZS inductors and capacitors of the existing topology.
In summary, from Table I and Fig. 5 , there are 50.5% cost saving and 78.2% volume reduction in terms of inductors, capacitors, and power switches if using the new topology rather than the existing topology, which is due to significant reduction of the qZS inductors and capacitors. In addition, for the fair comparison, both systems use the electrolytic capacitors in the qZS network. In fact, for the new topology, the qZS capacitance is very low; we can use film capacitors to achieve high reliability and long lifetime.
One more benefit of the new topology is to improve the performance of energy stored qZS-CMI system, where the energy storage battery is paralleled to the capacitor C 2 of each qZSI module to ensure the constant power to the grid no matter what PV power changes [11] . However, the battery has very small internal resistance, and a tiny 2ω voltage ripple across the battery will cause large battery 2ω current ripple, as shown in [11] . For the existing topology in Fig. 1 , larger qZS capacitance and inductance are necessary to mitigate the 2ω ripple of battery current. For the proposed topology in Fig. 2 , there is no 2ω power in the dc side and the capacitor voltage is theoretically constant. Hence, a constant battery current will prolong the battery lifetime and improve the operating performance when the APF-integrated single-phase qZSI is applied to the energy stored qZS-CMI system.
V. SIMULATION AND EXPERIMENTAL INVESTIGATIONS

A. Verification of New Topology
In this section, the APF-integrated single-phase qZSI is verified by the open-loop operation. During simulation and experiment, the parameters are: the dc input voltage V D C = 85 V, modulation index M = 0.6, C 1 = C 2 = 470 μF, L 1 = L 2 = 500 μH, L 3 = 335 μH, C 3 = 800 μF, and shoot-through duty cycle D = 1/3. When the load resistance is 5 Ω, the load power is 2.3 kW; from (9) and (18), M 32 is 1.024 and phase angle θ is 41
• . Fig. 6 shows simulation results when the APF is enabled after 0.2 s. It should be noted that this sudden circuit change is just for performance comparison in the same figure. In the practical application, the APF will work from the system startup with the closed-loop control rather than the open-loop operation. Experimental results of Figs. 7 and 8 correspond to the cases without and with the APF, respectively.
Theoretically, the constant dc-link peak voltage is 255 V, the capacitor-C 1 voltage is 170 V, the capacitor-C 2 voltage is 85 V, and the current of inductors L 1 and L 2 is 27 A from (1).
From Figs. 6 and 7, the qZS inductor shows a 26-A peak-topeak 2ω ripple current without the APF and the inductor average current is 27 A; the dc-link voltage presents 68-V peak-to-peak 2ω ripple, which corresponds to 26.7% of 255 V and causes high third harmonic of the load current i s with total harmonic distortion (THD) of 5.49% in Fig. 7(c) .
When the APF works in Figs. 6 and 8 , the 2ω ripple of dc-link voltage and inductor current significantly reduce. As shown in Fig. 8 , the dc-link 2ω voltage decreases to 8 V, around 3% of 255 V; the 2ω peak-to-peak ripple of qZS inductor current is 11 A; the load current has a low THD with 1.94% in Fig. 8(c) .
It should be noted that the small 2ω ripple in the experimental result of First of all, the system is tested when the load power suddenly changes from 50% to 100%. Fig. 9 shows the dynamic responses of closed-loop system, where the load resistance reduces to 5 Ω from 10 Ω at 0.3 s. Referring to (37), the q-axis and d-axis components, P LC q and P LC d , of APF power always track the d-axis and q-axis components, -P rd and -P rq , of load 2ω power, respectively, regardless of 50% or 100% load power or transient state. The system shows a fast dynamic tracking response. As a result, all 2ω power of load is buffered in the APF, and the dc-link voltage v P N and qZS inductor current i L 1 have no 2ω ripple, as shown in Fig. 9(c) and (d) . The load power increase causes the higher qZS inductor current and higher capacitor C 3 voltage u C to buffer higher 2ω power. Fig. 9(e) shows the capacitor C 3 voltage amplitudes of 97 V at the 50% load and 137 V at the 100% load, which is identical to the theoretical values from (10).
Figs. 10 and 11 show the steady-state results in simulation and experiment, respectively, when the model predictive DPCbased APF-integrated single-phase qZSI operates at 100% load. The constant dc-link peak voltage, qZS capacitor voltages, and inductor current verify that the proposed model predictive DPC ensures the 2ω load power ripple away from the dc side through flowing into the APF.
When the load is light, the noise could be relatively high compared to the low 2ω power ripple. To assess the effect of noise on the control performance, Fig. 12 shows the dc-link voltage v P N , qZS capacitor voltage v C 1 , qZS inductor current i L 1 , and load current i s at the light load power of 20%, where the APF and closed-loop control are enabled at 0.2 s to compare with the case without the APF. It can be seen that the dc-link voltage and inductor current do not have the 2ω ripple after 0.2 s even though noises are high at the light load. However, the noise causes little bit high-order harmonics on the inductor current of dc side.
VI. CONCLUSION
In this paper, an APF-integrated single-phase qZSI and its model predictive DPC were proposed to completely remove the 2ω pulsating power away from the dc side of single-phase qZSI. The APF circuitry buffered the 2ω power of load, and the proposed model predictive DPC ensured the desired purpose through enforcing the APF power tracking 2ω load power in terms of d-q axis components. With the new topology and control method, there were constant dc-link peak voltage and constant inductor currents, so that small qZS capacitance and inductance were enough to handle switching frequency ripple. Comparative evaluation, simulation and experimental results verified the model predictive DPC-based APF-integrated single-phase qZSI with low cost and low volume compared to the existing single-phase qZSI. She is currently a Postdoctoral Research Associate in the Department of Electrical and Computer Engineering, Texas A&M University at Qatar, Qatar Foundation, Doha, Qatar, where she was a Research Assistant from 2011 to 2014. She has published more than 50 journal and conference papers, one book, and one book chapter in the area of expertise. Her research interests include impedance-source inverters, cascade multilevel converters, photovoltaic power integration, renewable energy systems, pulsewidth modulation techniques, etc.
Dr. Liu is the recipient of "Research Fellow Excellence Award" from Texas A&M University at Qatar, one of "Excellent Ten Doctoral Dissertations" from Beijing Jiaotong University, and many other prestigious research awards.
